ABSTRACT: Raw palygorskite was modified by the addition of selected surfactants, viz. hexadecyltrimethylammonium bromide (CTAB), cetylpyridinium bromide (CPB) and octadecyldimethylbenzyl ammonium chloride (ODBAC). These modified clays were used as sorbents for the adsorptive removal of 2,6-dichlorophenol (2,6-DCP) from aqueous solution. Characterization of the sorbents was achieved by Fourier-transform infrared (FT-IR) analysis, nitrogen adsorption/desorption measurements and particle-size analysis. The adsorptive performance of the modified palygorskites towards the removal of 2,6-DCP from aqueous solution was studied by batch methods. In addition, the influence of contact time, pH and temperature on the adsorption process was investigated in detail.
INTRODUCTION
Natural purification processes are effective in degrading and removing wastes provided that the pollution is in an environmental range that can be accommodated. However, to satisfy the increasing human demand for social modernization and personal satisfaction, tonnes of phenolic compounds have been manufactured and used in a variety of industries such as chemical, pharmaceutical, petroleum, plastic, wood, rubber, herbicides, insecticides, etc. (Wang and Lin 2003; Anirudhan and Ramachandran 2006) . The discharge of the wastes arising from such industries eventually leads to the destruction of any natural purification processes, and hence the pollution of clean waters has become a global crisis (Sze and McKay 2010) . Phenolic compounds which are toxic even at low concentrations can be absorbed through the respiratory system and the skin (Sun et al. 2005; Zhao et al. 2010) . The US Environmental Protection Agency (EPA) has classified phenolic compounds as priority pollutants and called for the lowering of the phenol content in wastewater to less than 1 mg/ᐉ (Rawajfih and Nsour 2006) .
In recent years, considerable attention has been directed to the removal of phenol pollutants from the environment, especially from water systems . To date, several physical, chemical and biological methods have been proposed for removing phenolic pollutants from drinking water or wastewater. Among these separation technologies, adsorption has been proposed as a promising method due to its efficiency and economic feasibility (Li et al. 2004; Peng et al. 2005) . Numerous conventional sorbents exist, such as active carbon (Girods et al. 2009 ), zeolite (Yousef and El-Eswed 2009), kaolinite (Alkaram et al. 2009 ), palygorskite (Huang et al. 2007) , bentonite (Senturk et al. 2009 ) and montmorillonite (Yan et al. 2007) , etc. Activated carbon is commonly used as a sorbent for the removal of phenol compounds due to its high adsorption capacity and fast adsorption kinetics, but it is expensive and difficult to re-use (Gao et al. 2001; Karadag et al. 2007) . For this reason, the search for low-cost and high-efficiency sorbents is still essential.
Previous research has shown that chemically modified clay minerals provide an innovative and promising class of sorbent materials . Thus, although the adsorption of organic pollutants by palygorskite is poor because the mineral surface is hydrophilic, both palygorskite and modified palygorskite have been used as important sorbents in recent years for treating wastewaters contaminated with heavy metal ions and dissolved organic compounds (Chang et al. 2009; Sarkar et al. 2010) . Palygorskite, which is a hydrated octahedral layered magnesium aluminium silicate with a large specific surface area, is present in massive amounts in the natural environment and is therefore of low cost (Kong et al. 2009 ). Moreover, palygorskite possesses a permanent negative charge on its surface and a high cation-exchange capacity (CEC); hence, it can be modified by cationic surfactants to enhance its adsorption capacity and affinity to organic pollutants.
The present study forms part of a larger study aimed at demonstrating the technical feasibility of simple organic modification procedures for increasing the capacity of selected clay materials towards the retention of organic pollutants. Three cationic surfactants, viz. hexadecyltrimethylammonium bromide (CTAB), cetylpyridinium bromide (CPB) and octadecyldimethylbenzylammonium chloride (ODBAC), have been employed for the surface modification of palygorskite. In addition, the effects of initial sorbate concentration, sorbent dosage, contact time and solution temperature on the adsorptive removal of 2,6-DCP by the various surfactant-modified sorbents have been investigated, and the adsorption equilibrium, kinetics and thermodynamics discussed in detail.
EXPERIMENTAL

Materials and methods
Hexadecyltrimethylammonium bromide (CTAB), cetylpyridinium bromide (CPB), octadecyldimethylbenzyl ammonium chloride (ODBAC) and 2,6-dichlorophenol (2,6-DCP) were obtained from the Aladdin Reagent Co., Ltd. (Shanghai, P. R. China). Palygorskite 1 , of average particle size 92 nm, was supplied by the Nanjing Yadong Aotu Mining Co., Inc., Nanjing, P. R. China. Prior to use, the raw palygorskite was activated by baking at 250 °C for 6 h and then dispersing the resulting material in 1.0 M NH 4 Cl for 10 h at room temperature. After that, the solid was washed with large amounts of doubly distilled water until the resulting wash water was neutral. All other chemicals used were of A.R. grade. Doubly distilled water (DDW) was used throughout this work.
Preparation of surfactant-modified palygorskite samples
Synthesis of the surfactant-modified palygorskite sorbents was achieved employing the following procedure. Briefly, 15 g of palygorskite was suspended in 100 mᐉ of DDW contained in a 250 mᐉ three-necked flask using mechanical agitation (300 rpm) whilst heating to 80 °C at the same time. Subsequently, 100 mᐉ of a solution containing a known amount of cationic surfactant was added to the aqueous palygorskite suspension and reaction allowed to proceed at 80 °C for 4 h. The mixture thus obtained was filtered and washed repeatedly with large volumes of DDW to completely remove any unreacted cationic surfactant. Finally, the solid was dried under vacuum at 60 °C for 6 h, and then crushed and sieved through a 100 μm sieve to obtain the corresponding surfactant-modified palygorskite sorbent.
Adsorption experiments
The effects of experimental parameters such as the pH, contact time and temperature on the adsorptive removal of 2,6-DCP from aqueous solution were studied employing batch experimental techniques. For this purpose, 0.01 g sorbent was added to 10 mᐉ volumes of 2,6-DCP solution having different initial concentrations in the range 20-500 mg/ᐉ at constant temperatures of 25°C, 45°C and 65 °C, respectively. The solution was incubated for 24 h at room temperature to obtain the equilibrium adsorption of 2,6-DCP onto surfactant-modified palygorskite, following which the suspension was separated. The amount of adsorption at equilibrium, q e (mg/g), was calculated by the following equation:
(1) where C 0 and C e correspond to the initial and equilibrium 2,6-DCP concentrations in the solution (mg/ᐉ), respectively, V is the volume of the solution (mᐉ) and W is the amount of sorbent employed (mg).
Kinetic studies were undertaken in an identical manner to the adsorption experiments, except that samples were taken from the aqueous solutions at specified time intervals. The concentration of 2,6-DCP present in the solution, viz. q t (mg/g), was calculated via the following equation: To determine the effect of the solution pH, 0.05 g sorbent was dispersed in 25 mᐉ of a series of 100 mg/ᐉ 2,6-DCP solutions with different pH values, allowed to equilibrate and the equilibrium concentration of 2,6-DCP in each sample measured. The initial pH of the solutions was carefully adjusted over the range 2-11 through the addition of dilute HCl or ammonia solution, respectively. In all cases, each mixture was shaken for 24 h in a thermostatically controlled water bath maintained at 25 °C. All the residual concentrations were measured spectrophotometrically at a wavelength of 275 nm employing a Shimadzu model UV-2450 UV-vis spectrophotometer.
RESULTS AND DISCUSSION
Characterization of sorbents
The physical properties of the three sorbents studied are listed in Table S-1. The nitrogen adsorption/desorption data listed showed that the specific areas, pore volumes and mean pore radii of the three sorbents were slightly different. This was confirmed by the detailed morphology of the palygorskite particles obtained by scanning electron microscopy (Figure S-1), which showed that the material possessed a considerable number of pores and a rather rough surface which would allow the trapping of organic molecules and facilitate their adsorption into the pores.
The FT-IR spectra of the three surfactants, palygorskite and the three sorbents are depicted in Figure S -2. For the three surfactants [ Figure S -2(a)(i)-(iii)], the strong characteristic peak at 2920 cm -1 could be attributed to the stretching vibration of the C-H group. Peaks at 3400 cm -1 in the spectra of CTAB and CPB corresponded to the stretching vibration of the N-H group; however, for ODBAC, this characteristic peak was located at 3430 cm 
Effect of pH
Optimization of the pH value of the adsorption medium plays a vital role in adsorption studies. As shown in Figure S -3, the initial pH of the solutions strongly affected the adsorption capacity of 2,6-DCP onto the sorbents studied. At the lowest pH (pH = 2.0), the adsorption of 2,6-DCP onto the three sorbents was restricted, possibly because the adsorption system had a net positive charge at this pH value because of the presence of excess H + ions and the specific properties of the sorbents. In such a system, competition between H + ions and 2,6-DCP molecules would exist and result in a low adsorption capacity towards 2,6-DCP molecules (Nuithitikul et al. 2010) . The highest uptake of 2,6-DCP was achieved when the pH attained a value of 7.0, when values of 28.67 mg/g, 37.97 mg/g and 27.37 mg/g were obtained for CTAB-modified palygorskite, CPBmodified palygorskite and ODBAC-modified palygorskite, respectively. This observation clearly suggests that the adsorption process was dominated by interaction between undissociated organic compounds and the organophilic groups present on the surfaces of the sorbents. The experimental results obtained clearly indicated that a pH value of 7.0 was the optimum value for adsorption and this was consequently employed for subsequent studies. Such adsorption properties would be favourable towards the detection and separation of 2,6-DCP from drinking water whose the real pH value is ca. 7.0.
Adsorption isotherms
Analysis of the equilibrium data arising from the adsorption of 2,6-DCP onto the three sorbents studied was undertaken employing the linear forms of the Langmuir isotherm model (Alagumuthu and Rajan 2010) and the Freundlich isotherm model (G . ok et al. 2008) . The Langmuir isotherm model assumes that adsorption occurs via a monolayer process which leads to a homogeneous situation where each sorbate molecule is adsorbed onto the surface of the sorbent with the same adsorption activation energy (Kumar et al. 2010) . The linear form of the Langmuir isotherm model may be expressed as: (3) where q e is the amount of 2,6-DCP (mg/g) adsorbed at equilibrium, C e is the concentration of 2,6-DCP (mg/ᐉ) present in the solution at equilibrium, q m is the monolayer capacity of the sorbent (mg/g) and K L is the Langmuir adsorption constant (ᐉ/mg).
In contrast, the Freundlich model is empirical and assumes that the sorbent has a heterogeneous surface, thereby indicating that the adsorption sites have different adsorption energies and are not always available. Hence, this model is not restricted to monolayer adsorption processes (Asakuma et al. 2009 ). The linear form of the Freundlich model may be expressed as follows: (4) where q e is the amount of 2,6-DCP adsorbed per unit amount of sorbent (mg/g), C e is the concentration of 2,6-DCP in the solution at equilibrium (mg/ᐉ), K F is the Freundlich constant (ᐉ/g) and 1/n is a heterogeneity factor.
The essential characteristics of the Langmuir isotherm can be expressed by a dimensionless constant called the equilibrium parameter, R L , which is defined as: (5) where C m is the maximum initial 2,6-DCP concentration (mg/ᐉ). Four possibilities exist for the value of R L (Greluk and Hubicki 2010) . These are (1) 0 < R L < 1.0, corresponding to favourable adsorption; (2) R L >1.0, corresponding to unfavourable adsorption; (3) R L = 1.0, corresponding to linear adsorption; and (4) R L = 0, corresponding to irreversible adsorption.
All the isotherm constants obtained from fitting the adsorption data for 2,6-DCP onto the three sorbents are summarized in Table S-2. On the basis of the correlation coefficients listed in this table and the fitted equilibrium data depicted in Figure S -4, it may be concluded that the adsorption of 2,6-DCP onto the various surfactant-modified palygorskite sorbents was well described by the Langmuir model under the experimental conditions employed. This indicates that all three sorbents were covered by a monolayer of 2,6-DCP molecules. From a careful inspection (Table S-2) , it was concluded that the ODBAC-modified palygorskite sorbent was much more efficient in removing 2,6-DCP from aqueous solution than the other two modified palygorskites. This adsorption capability was influenced by temperature to some extent. Thus, on increasing the temperature from 25 °C to 65 °C, the adsorption capacity of CTAB-modified palygorskite, CPB-modified palygorskite and ODBAC-modified palygorskite increased by ca. 30 mg/g, 50 mg/g and 110 mg/g (and possibly greater), respectively. Increasing the temperature could have produced a swelling effect within the internal structure of the sorbent which facilitated a more rapid adsorption of 2,6-DCP molecules. In addition, the number of active adsorption sites on the sorbent may also have increased. The fact that the adsorption capacity increased with increasing temperature indicates that the adsorption process was endothermic in each case.
The experimental data depicted in Figure S -4 indicate that the amount of 2,6-DCP adsorbed at equilibrium increased rapidly as the initial concentration of sorbate increased, to attain a maximum value (ranging from 90 mg/g to 200 mg/g for the various sorbents) and subsequently attain an equilibrium value. As far as the authors are aware, the above adsorption capacity values are relative high compared with those quoted elsewhere in the literature (ranging from 10.18 mg/g to160 mg/g) ( 
Adsorption kinetic studies
The pseudo-first-order and pseudo-second-order kinetic models are the two most widely used for describing the rates of adsorption processes. The pseudo-first-order rate expression may be expressed by the relationship (Shi et al. 2009): ln(q e -q t ) = ln q e -k 1 t
where q e is the adsorption capacity at equilibrium (mg/g), q t is the amount of 2,6-DCP adsorbed (mg/g) at various times t and k 1 is the pseudo-first-order rate constant (min -1 ) for the adsorption process. If the adsorption process follows pseudo-first-order kinetics, the plot of ln(q e -q t ) versus t should be linear with a slope equal to k 1 and an intercept equal to ln q e .
The pseudo-second-order kinetic model may be expressed as follows ):
where k 2 is the rate constant for the pseudo-second-order adsorption process [g/(mg min)]. The slope of the linear plot of t/q t versus t would be equal to 1/q e , while the intercept would be equal to 1/k 2 q 2 e
. On the basis of the pseudo-second-order model, the initial adsorption rate, h, and the half-adsorption time, t 1/2 , may be estimated from the following equations The half-adsorption time, t 1/2 , may be defined as the time necessary for 50% of the initial concentration of 2,6-DCP to be adsorbed. Thus, the initial adsorption rate and the half-adsorption time are usually a measure of the overall adsorption rate. All the calculated parameters arising from the application of the pseudo-first-order and pseudo-second-order models are listed in Table  S -3, while the results of fitting the kinetic data are depicted in Figure S -5.
As listed in Table S -3, for most of the data, the values of the pseudo-first-order rate constant, k 1 , were greater than those of the pseudo-second-order rate constant, k 2 . However, the pseudosecond-order equation provided the better fit to the experimental data, with the correlation coefficients, R 2 , being greater than 0.99 in all cases. Furthermore, with the pseudo-second-order model, agreement was noted between the calculated q e values (q e, calc ) and those arising from the experimental data (q e, exp ); such agreement was also noted for the corresponding pseudo-first-order data. This indicates that the adsorption of 2,6-DCP from aqueous solutions onto the three sorbents studied was better described by the pseudo-second-order model. In addition, the values of q e, exp listed in Table S -3 demonstrate that the influence of the initial sorbate concentration was much greater than that of temperature for the experimental conditions employed. On comparing the values of the rate constants k 1 and k 2 listed in Table S -3, the calculated data for the ODBACmodified palygorskite were greater than those for the other two modified palygorskite sorbents; this may be associated with a change in the physical properties, such as the surface area, pore size, etc., of the palygorskite sample brought about by treatment with surfactant (see data listed in Table S-1) .
From Figure S -5, it may be concluded that the adsorption capacity and initial adsorption rate showed an obvious increase as the initial concentration of sorbate increased. This may have resulted from an increase in the driving force brought about by the increasing concentration gradient. Under the same conditions, increasing the initial concentration of 2,6-DCP in the solution would lead to the active sites on the sorbent surface being surrounded by a greater number of 2,6-DCP molecules, with the result that adsorption would occur to a greater extent (Han et al. 2009 ).
Mechanism of the adsorption process
The experimental kinetic data were further analyzed by application of the intra-particle diffusion model, the film diffusion model and the pore diffusion model in order to provide an insight into the mechanism of the adsorption process. Intra-particle diffusion depends on several factors, such as the structure of the sorbent, the chemical and physical properties of the solute and sorbent, the equilibrium behaviour of the system, the conditions under which adsorption has been effected, etc. (Garcia and Rangel 2010). The intra-particle diffusion model can be expressed by the following equation (Mezenner and Bensmaili 2009):
where C (mg/g) is the intercept of the plot of q t versus t 1/2 and k i is the intra-particle diffusion rate constant [mg/(g min 1/2 )] which can be evaluated from the slope of the linear plot. If this plot passes through the origin, then intra-particle diffusion will be the rate-limiting step. However, on applying the above relationship to the experimental data obtained in the present study, it was t k q e 1 2 2 1 / = found that the intercept of the first stage was not zero, thereby indicating that intra-particle diffusion was not the rate-limiting step. Values of the intra-particle diffusion rate constant, k i , are listed in Table S-4. The plots for intra-particle diffusion (Figure S-6) exhibited three linear steps during the adsorption process, viz. a rapid initial step, a gradual second step and the final equilibrium stage. Such behaviour can be explained in terms of a combination of surface adsorption and intraparticle diffusion. Thus, at the commencement of the adsorption process, 2,6-DCP molecules diffuse into the sorbent and there is a fast initial uptake ( Figure S-5 ) with a high intra-particle diffusion rate. This stage accounted for ca. 57% of the overall adsorption capacity for all the sorbents studied, regardless of any variation in operating conditions for the system. As adsorption progresses, the number of available surface active sites in micropore regions of the sorbent diminish while the available concentration of sorbate in the solution also decreases. This leads to a slowdown in the intra-particle diffusion process and to the generation of an adsorption balance when equilibrium is attained. Increasing the initial sorbate concentration whilst maintaining the temperature constant would lead to an increase in the intra-particle diffusion rate. From the data listed in Table S -4, it may be concluded that 2,6-DCP molecules diffused more rapidly to the interior surface of CTAB-modified palygorskite than for the other two surfactant-modified sorbents, since the value of the intra-particle diffusion rate constant, k i , for this sorbent was slightly greater than for the other two modified sorbents studied.
According to Tan et al. (2009) , the three sequential steps in the adsorption process are:
1. Film diffusion in which the sorbate travels towards the external surface of the sorbent. 2. Pore diffusion in which the sorbate travels within the pores of the sorbent. 3. Intra-particle diffusion, when adsorption of the sorbate occurs on the interior surface of the sorbent Both film diffusion and diffusion within the sorbent control the overall intra-particle diffusion process.
If it is assumed that the sorbent particles are spheres of radius a and that the diffusion process follows Fick's first law, the corresponding equation (Ofomaja 2010) may be written as: (11) At short times, film diffusion may be expressed as follows: (12) However, for longer times, pore diffusion may be expressed by the relationship:
For increasing values of t, equation (13) can be written in the form: 
This equation indicates that Bt is a function of F for different values of t. The quantity F may be expressed as: (15) where q t and q e are the uptakes of 2,6-DCP (mg/g) at time t and at equilibrium, respectively. The value of B may be obtained from the slope of the plot of Bt versus t and is used to calculate the pore diffusion coefficient (D 2 ) at different initial sorbate concentrations via the following equation: (16) If the plot is linear and passes through the origin, then pore diffusion will be the rate-limiting step. However, if the plot is non-linear or even if it is linear but does not pass through the origin, then the adsorption rate may be controlled by film diffusion or even chemical reaction (Hameed and El-Khaiary 2008) . The coefficients for film diffusion (D 1 ) and pore diffusion (D 2 ) are listed in Table S-4. The calculated data listed in Table S -4 indicate that pore diffusion was faster than film diffusion under the experimental conditions employed for all the sorbents studied. Of these values, those for ODBAC-modified palygorskite were the greatest, probably as a consequence of changes in the physical properties of the sorbent generated by surfactant modification. This result indicates that film diffusion was probably the rate-limiting step for the adsorption process. Figure S -7 shows the Boyd plots over the first 480 min for the adsorption of 2,6-DCP onto modified palygorskite at 25°C. The plots were linear over the initial adsorption period but did not pass through the origin. This indicates that film diffusion was the rate-limiting process, thereby corroborating the conclusion that film diffusion was the rate-limiting step throughout the whole adsorption period studied (from 10 min up to equilibrium). For adsorption times shorter than 10 min, film diffusion or chemical reaction may control the overall rate of adsorption. However, the absence of experimental data for the 0-10 min period prevented any determination of the rate-controlling step at this stage in the process.
Thermodynamic study
Thermodynamic parameters such as the free energy change (ΔG 0 ), the standard enthalpy change (ΔH 0 ) and the standard entropy change (ΔS 0 ) associated with adsorption were also used to evaluate the feasibility of the process. These parameters may be calculated from the following equations (Qu et al. 2009 where R is the universal gas constant [8.314 J/(K mol)], T is the temperature in degrees Kelvin (K), and q e (mmol/g) and C e (mmol/ᐉ) are the adsorption capacity and concentration at equilibrium, respectively. In order to determine these thermodynamic parameters, experiments were carried out at different temperatures in the range 25-65 °C ( Figure S-4) . The values of ΔH 0 and ΔS 0 calculated from the slope and intercept of the corresponding van't Hoff plot [ln(q e /C e ) versus 1/T] are listed in Table S -5. The positive value for ΔH 0 indicated that the adsorption of 2,6-DCP onto the three surfactant-modified palygorskite sorbents was endothermic, thereby supporting the increasing adsorption of 2,6-DCP with temperature. The magnitude of ΔG 0 could provide some idea regarding the type of adsorption process involved, which appeared to be both physical and chemical in nature. Generally, the value of ΔG 0 for a physisorption process is in the range -20 kJ/mol and 0 kJ/mol, whereas the corresponding range for chemisorption is -80 kJ/mol to -400 kJ/mol (Hasan et al. 2008) . The data listed in Table S -5 indicate that the overall free energy change during the adsorption process was negative (between 0 kJ/mol and -20 kJ/mol) over the temperature range studied, corresponding to a spontaneous physical process for 2,6-DCP adsorption with the system receiving no additional energy from an external source. Decreasing the reaction temperature from 65 °C to 25 °C led to an increase in the negative value of ΔG 0 , thereby suggesting that the adsorption was more spontaneous at lower temperatures. However, increasing temperature did not have a significant effect on ΔG 0 (Table S-5). The negative value for ΔH 0 provided a clear indication of the strong interaction between the sorbents and the sorbate, whilst the positive values for ΔS 0 reflected the increasing randomness at the solid/solution interface during the adsorption process. Such values of the thermodynamic parameters could be helpful in determining practical applications of the adsorption process.
CONCLUSIONS
The adsorption properties of surfactant-modified palygorskite towards 2,6-DCP were studied by batch methods. The optimum pH condition for the adsorption of 2,6-DCP from aqueous solution was shown to be 7.0, which approaches the real value for drinking water. Both the Langmuir and Freundlich adsorption models were applied to fit the equilibrium adsorption data, when it was found that the Langmuir isotherm provided a good fit. The suitability of applying the pseudo-firstorder, pseudo-second-order and intra-particle diffusion models to the kinetic data obtained in this study was also discussed. The pseudo-second-order model agreed well with the kinetic data obtained for the adsorptive removal of 2,6-DCP from aqueous solution onto the surfactantmodified sorbents for different initial sorbate concentrations over the whole range studied. The corresponding thermodynamic parameters indicated that the adsorption of 2,6-DCP onto the three sorbents was endothermic and spontaneous in nature over the temperature range studied. Of the surfactant-modified sorbents studied, ODBAC-modified palygorskite exhibited the best adsorption capability relative to the other two sorbents. In summary, the results of the present study showed that surfactant-modified palygorskite could be employed as an effective sorbent for 2,6-DCP from aqueous solution.
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